The functional unit of the renal type IIa Na+/Pi cotransporter is a monomer
Introduction
The reabsorption of inorganic phosphate (P i ) at the luminal brush border membrane of the renal proximal tubule is mediated chiefly by a Na + -coupled cotransport process. Three unique types of Na + /P i cotransporters have been identified in proximal tubular epithelia: type I, type IIa and type III (1, 2) . The type IIa Na + /P i cotransporter (NaPi-IIa 1 ) contributes the major component of luminal P i transport (1) (2) (3) . Type IIa isoforms, cloned from various species, display similar kinetic properties when expressed in Xenopus oocytes (4) (5) (6) (7) 10 ).
On Western blots made from brush border membrane vesicles (BBMV's) the rat type IIa isoform (NaPi-IIa) protein is detected as an 80-90 kDa glycoprotein (8, 9) .
When expressed in Xenopus laevis oocytes, a similar band, specific to NaPi-IIa, at 70-110 kDa is observed (11) (12) . This molecular weight corresponds to that predicted from the amino acid sequence (68.7 kDa) after taking account of protein glycosylation (11) .
From a number of studies using the radiation inactivation technique applied to P i uptake in BBMV's, estimates of the functional size of the Na + /P i system have ranged from 124 kDa to 242 kDa depending on the species and assay conditions (13) (14) (15) (16) (17) (18) . The significant difference between the molecular weight of the type IIa protein (see above) and radiation inactivation size (RIS) was taken as evidence for an oligomeric functional unit of Na + /P i cotransport. However, since P i uptake in BBMVs most likely includes contributions from other P i transport systems, e.g. type I, or other as yet unidentified proteins, estimation of the number of cotransporter subunits of a particular type that contribute to the functional transport unit is not possible. Moreover, the membrane target of radiation may include other proteins and/or membrane domains associated with the cotransporter itself, which could result in an overestimation of the functional mass contributed by type IIa proteins alone.
Alternative approaches have been recently used to determine the functional composition of membrane transport proteins. These take advantage of the Xenopus laevis oocyte expression system to over-express only the protein of interest and thereby avoid contamination of the functional assay. A means of functional identification is then used to assay the contribution made by the constitutive subunits such as non-conductive mutations for the potassium channel (minK) (19) , differential sensitivity of subunits to methanesulfonate reagents that react specifically with cysteine residues for the epithelial Na + channel (ENaC) (20, 21) and the voltage gated chloride channel (ClC-1) (22) , sensitivity of subunits to channel blockers for the shaker K + channel (23) and mammalian delayed rectifier K + channel (KV1.1) (24) and ENaC (21, 25) . To express functional proteins with a predefined subunit composition, an extension of this approach involves the construction of concatameric cDNAs that encode for linked subunits as used, for example, to determine the stoichiometry of KV1.1 (24) and ENaC (25) .
Here, we determined the functional unit of the type IIa Na + /P i cotransporter (NaP-IIa) by over-expression of the wild type (WT) NaPi-IIa protein and a functionally distinguishable mutant protein (S460C) in Xenopus laevis oocytes. The electrogenic response of oocytes was quantified by means of the two-electrode voltage clamp. We took advantage of the differential sensitivity of the WT NaPi-IIa and mutant cotransporter (S460C) to nominally membrane impermeant MTS reagents: the WT is insensitive to externally applied MTSEA, whereas P i uptake and the electrogenic cotransport mode are fully inhibited for S460C (12) . We injected oocytes either with different proportions of cRNA's coding for the WT and S460C protein or for novel fusion proteins (concatamers) that comprised two fused WT or S460C proteins alone, or a mixed protein that comprised the WT and S460C. In both cases we assayed the P i -induced cotransport activity before and after MTS incubation. The results of each approach were consistent with the NaPi-IIa protein being a functional monomer. (b Substrate test solutions: inorganic phosphate (P i ) was added to ND96 from a K 2 HPO 4 /KH 2 PO 4 stock (1M/l) that was preadjusted to pH 7.4. The Na + /P i cotransport inhibitor phosphonoformic acid (PFA) was added to ND96 from frozen stock to give a final concentration of 3 mM/l and the pH re-adjusted to 7.4 with KOH.
(c MTSEA was prepared in DMSO, frozen in aliquots at 1 M/l and was freshly diluted in ND96 solution from the frozen stock for each oocyte tested. A final concentration of 100 µM/l was used that consistently gave full inhibition of cotransport function for the S460C mutant (12) .
Concatamers: These comprised either two WT NaPi-IIa cotransporters (WT-WT), two S460C mutants containing a serine to cysteine substitution at site 460 (S460C-S460C) or both proteins (WT-S460C). The two units (A and B) were linked through a linker peptide (GAAPDGAPGC). To insert the linker peptide, A was elongated at the 3' end by mutating the stop codon using PCR. The corresponding primer (see below) contained the linker followed downstream by an Nhe I site. An Nhe 1 site was also introduced at the 5' end of B by site-directed mutagenesis. For unit A the corresponding sense and antisense primers were: Oocyte expression: The procedures for oocyte preparation and cRNA injection have been described in detail elsewhere (26) . Oocytes were injected with either 50 nl of water or 50 nl of water containing 10 ng of cRNA. Coinjection of WT and S460C cRNA into oocytes was performed using a total of 10 ng of cRNA comprising each construct in different proportions, ranging from 15% S460C cRNA to 88 % of S460C cRNA. Oocytes were incubated in modified Barth's solution and the experiments performed 3-4 days after injection. For the concatamers, 10 ng of the corresponding cRNA was injected per oocyte.
Electrophysiology and data analysis: The standard two-electrode voltage clamp technique was used as previously described (6, 27) . Oocytes were mounted in a small recording chamber (100 µl volume) and continuously superfused (5ml/min) with test solutions precooled to 20 o C. Freshly prepared MTSEA reagent was delivered to the chamber by gravity feed via a 0.5 mm diameter cannula positioned near the cell. The steady state response of an oocyte to P i and PFA was always measured at a holding potential, V h = -50 mV in ND96 solution, except where otherwise noted.
Determination of the steady-state and presteady-state voltage dependence was made by using voltage step protocols in which the membrane potential was stepped from V h = -60 mV to potentials in the range -100 to 0 or -140 to +60 mV, respectively. Data were acquired online using pClamp 7 software and compatible Digidata 1200 hardware (Axon Instruments, Foster City, CA, USA) and sampled at more than twice the recording bandwidth. Recorded currents were prefiltered using an eight-pole low-pass Bessel filter (Frequency Devices Inc., Haverhill, MA, USA) that was set to 20 Hz for steady-state and 500 Hz for presteady-state measurements respectively. Signal averaging was used where necessary.
To quantify the P i -induced response, with the protein functioning in cotransport mode, account must be taken of the slippage, or uniport mode current. In the absence of P i , this can contribute to a substantial proportion of the steady-state holding current of the oocyte when NaPi-IIa is expressed in Xenopus oocytes (6, 12) .
Moreover, we have previously reported that the S460C mutant exhibits a higher slippage than the WT (12) and therefore this could lead to errors in estimating the P iinduced response, if not taken into account. The slippage current was estimated using the Na + /P i transport inhibitor, phosphonoformic acid (PFA), the application of which leads to a suppression of the oocyte holding current (I h ). The cotransport mode activity was then estimated by assuming that in this mode: (i) no slippage current flows (ii) PFA fully suppresses the slippage current and (iii) endogenous effects are negligible. The P i -induced cotransport mode current (I Pi ), is then given by:
where ∆I h Pi is the change in holding current induced by a saturating P i (1 mM) and ∆I h PFA is the change in holding current induced by 3 mM PFA in the absence of external P I (see Fig. 1 ).
Presteady-state charge movements were quantified by first subtracting records obtained in 3 mM PFA to eliminate endogenous currents. Difference records were integrated to obtain the charge (Q) as a function of transmembrane voltage (V). Q-V data were then characterized by fitting a single Boltzmann function :
where Q max is the maximum charge translocated, Q hyp , is the steady-state charge at the hyperpolarizing limit and depends on V h , V 0.5 is the voltage at which the charge is distributed equally between the two states, z is the apparent valency per cotransporter, e is the electronic charge, k is Boltzmann's constant and T is the 
Results

Coinjection of WT/S460C in different proportions
In the first approach to identify the functional unit of NaPi-IIa, we co-injected The success of this approach depends on both proteins being expressed independently and that the membrane expression levels correspond to a given quantity of injected cRNA. We therefore first performed control experiments, in which the electrogenic response (1 mM P i , V h = -50 mV) was compared between oocytes from the same donor frog and on the same day that were injected with equal Moreover, the responses for cells that expressed each cRNA were comparable (e.g.
for one batch of oocytes, each injected with 10 ng of cRNA, the P i -induced currents for NaPi-IIa WT were: -71 ± 2 nA (n = 4) and for S460C were: -72 ± 8 nA (n = 4)).
Such data indicated that both cRNAs were translated and the proteins expressed with similar efficiency by oocytes from the same donor frog.
Figure 1 near here
The transport activity of the injected oocytes was assayed under voltage clamp conditions before and after incubation in MTSEA (see Experimental procedures). Fig. 1 shows the typical responses to P i (1 mM) and PFA (3 mM) for oocytes injected with 100 % WT (upper traces), 100% S460C (center traces) and a mixture of 75% WT and 25% S460C (bottom traces) cRNA before and after incubation in 100 µM MTSEA. As indicated for the 100% WT records, the transport activity, which was assumed to be in direct proportion to the electrogenic current, was quantified by taking into account the change in holding current induced by both PFA and P i (see Eqn. 1, Experimental procedures).
We observed no effect on the WT cotransport mode current (0% inhibition) and complete suppression of the S460C response (100% inhibition) as previously reported (12) . The inhibition of cotransport mode in oocytes coinjected with intermediate proportions of both cRNAs is summarized in Fig. 2 . In addition, the predicted inhibition for monomeric (N = 1), dimeric (N = 2) and tetrameric (N = 4) 
Concatamer expression in oocytes
In the second approach, we constructed a fusion protein (concatamer)
between the WT and the S460C mutant transporter so that when expressed, the WT and S460C proteins would be represented in precisely equal proportions. We reasoned that this approach would provide a clearer indication that the functional unit of NaPi-IIa was a monomer, as suggested from the coinjection experiments. For example, if this were indeed true, we would expect that modification of the sensitive cysteine in the mixed fusion protein would result in a 50% loss of transport function, whereas a functional dimer would result in total loss of function.
We constructed three different concatamers, (see Experimental procedures):
the WT transporter was linked to the S460C mutant (WT-S460C) and, in addition, two WT transporters (WT-WT) and two S460C mutants (S460C-S460C) were These same oocytes had been previously checked for functional expression (see below) and therefore we took the presence of this band as confirmation that only a dimeric protein was expressed.
Kinetic characterisation of the concatamers
Oocytes that expressed the concatamers were tested for electrogenic transport activity and voltage dependency. The P i -activated current, measured at V h = -50 mV, was compared with that of oocytes that expressed the WT protein. All three constructs were active and gave electrogenic responses (Fig. 4 A) , although these were consistently smaller (up to 5 fold) than those from oocytes from the same donor frog that expressed either WT or S460C alone (data not shown). www.jbc.org relations for the concatamers (Fig. 4 B) showed essentially the same voltage dependency as we have previously reported for the WT or S460C alone in the range -80 <V < 0 mV (6, 12) . These data confirmed that the voltage dependence of the basic cotransporter was not altered by protein fusion. reported for the WT and S460C proteins alone (6, 12) and thereby confirmed that the intrinsic voltage dependence for the WT-WT construct had not altered, in accord with our steady-state I-V data.
The transporter turnover, φ(V), at any potential V, can be expressed as:
where I p is the steady-state cotransport current. For the representative oocyte, which expressed the WT-WT construct (Fig. 4 A) , at -50 mV, I p = -40 nA and substitution of z and Q max in Eqn. 4 gave φ(-50) = 13 s -1 . This agreed well with previously reported estimates for φ(V) for the NaPi-IIa protein (e.g. φ(-50) = 13.5 s -1 for S460C (12) and φ(-100) = 23 s -1 for WT NaPi-IIa (6) and indicated that the transport turnover of the WT-WT concatamer was most likely unchanged.
Effect of MTSEA on the concatamers
Figure 5 near here
Oocytes that expressed the three concatamers were tested for function after exposure to the methanethiosulfonate reagent, MTSEA. As illustrated for representative oocytes in Fig. 5 A, after incubation in MTSEA, the control concatamers (WT-WT: upper trace) and (S460C-S460C: bottom trace) behaved the same as oocytes that expressed the single proteins: namely, the WT-WT mutation showed no inhibition, whereas the S460C-S460C concatamer was fully inhibited (compare with Fig. 1 ). This confirmed that the sensitivity to the reagent was not altered by the fusion procedure. In contrast, the WT-S460C concatamer (middle trace) showed a 50% inhibition of the P i -induced response after incubation in MTSEA. These findings were confirmed in several batches of oocytes, the pooled results from which are shown in Fig. 5 B. To take account of different expression levels, we normalized the response after incubation in MTSEA to the control response for each oocyte. For comparison purposes, data for oocytes that expressed the WT and S460C proteins alone are also shown. The apparent incomplete block of the electrogenic response after MTSEA incubation for S460C and S460C-S460C
concatamer most likely resulted from a contamination of the data by the oocyte endogenous response to PFA, which has been previously reported (29) and varies between batches of oocytes.
We also established that the loss of transport function was the same at other membrane potentials as indicated by the I-V curves for the three concatamers (Fig. 5 C). As expected, after MTSEA incubation the I-V relation for the WT-WT construct was unaltered and that for the S460C-S460C construct was fully suppressed, whereas the mixed concatamer showed a 50% reduction in current over the whole voltage range tested. transporters. Thus, the transport rate should be inhibited by 75%, whereas for a functional monomer, an inhibition of 50% is predicted (Eqn. 3) that is close to the observed value. Similarly, for the mixed concatamer (WT-S460C), the observed 50% loss of function is consistent with there being two functionally independent transport pathways per concatamer and a total inhibition of the transport pathway established by the S460C protein component. Our interpretation of the data therefore also implies the existence of one transport pathway, or -rather unlikely -multiple, identical transport pathways for each functional unit. Although we cannot fully exclude this latter possibility, the simplest interpretation, consistent with our findings, is that there is only one transport pathway per unit protein.
The coinjection method
From the coinjection experiments, in which the proportion of S460C cRNA varied from 15% to 88%, the best agreement between the measured % inhibition and For the particular case that inhibition of transport would be directly proportional to the number of S460C subunits present in a putative functional oligomer of stoichiometry N, we would be unable to distinguish between a functional unit comprising N independent transport pathways and a single composite transport pathway formed by the N subunits, i.e. a 1:1 relation between % inhibition and fraction of mutant cRNA would also be predicted, as for the functional monomer.
These two possibilities could be best resolved by morphological means (e.g. 21).
Concatameric constructs
The kinetic behavior of both the mixed (WT-S460C) and control concatamers 
Comparison with other studies
The radiation-inactivation method has been used extensively to estimate the molecular size of the functional unit of membrane enzymes (32) . Using this approach, the Béliveau group has proposed that the functional unit responsible for Na + -dependent P i cotransport in BBMV's is a multimer (13) (14) (15) (16) (17) (18) . Although uncertainties concerning the contribution of P i uptake by proteins other than NaPi-IIa have been recently addressed by combining Western blot analysis with radiation inactivation (18) , a study by Tatsumi et al., (33) has reported the existence of other NaPi-II related proteins in BBMV´s. Since these share the same N or C terminal regions, they would also be detected by Western blot together with the full NaPi-IIa protein. 
Conclusions
This study presents evidence that NaPi-IIa protein is a functional monomer when expressed in Xenopus oocytes. Although we cannot exclude that NaPi-IIa molecules may aggregate, either with themselves, to give rise to multiple, independent transport pathways within the same complex, or with other associated proteins in situ, oligomeric assembly of NaPi-IIa proteins is not a necessary condition for type II Na + -dependent P i transport. A, shows representative current traces in response to 3 mM P i . In non-injected oocytes from the same donor frog, the endogenous response was < -5 nA.
B, shows the current voltage (I-V) curves pooled from 4 oocytes that expressed each construct and normalized to the P i -induced current at -50 mV after correction for the C, voltage steps from V h = -60 mV from -140 to +60 mV, induce presteady-state relaxations for superfusion in ND96, 0 mM P i that are suppressed by 3 mM PFA.
Relaxations were recorded from an oocyte that expressed the WT-WT concatamer.
Data were low-pass filtered at 500 Hz, sampled 50 µs/point, and each record is the 
